Abstract: Together with anandamide, 2-arachidonoylglycerol (2-AG) constitutes one of the main representatives of a family of endogenous lipids known as endocannabinoids. These act by binding to CB 1 and CB 2 cannabinoid receptors, the molecular target of the psychoactive compound 9 -THC, both in the periphery and in the central nervous system, where they behave as retrograde messengers to modulate synaptic transmission.
INTRODUCTION
Cannabis sativa has a long history of recreative and medicinal use. Its capacity to soothe pain and anxiety was already reported by Chinese and Indian civilizations more than three thousands years ago [1] . However, the modern history of cannabis started in 1964, when Mechoulam and Gaoni elucidated the structure of the main psychoactive constituent of cannabis, 9 -tetrahydrocannabinol ( 9 -THC) [2] .
This finding, as well as the observation that the biological activity of THC and other related compounds (referred to as cannabinoids) was strongly stereochemistry-dependent constituted clear signs of a receptor-driven mechanism [3, 4] . In 1990, definite evidence for the existence of an endogenous receptor for 9 -THC came when an orphan G-protein coupled receptor (GPCR) binding cannabinoids with the expected characteristics -affinity, stereoselectivity, coupling to Gi protein-was cloned and named CB 1 cannabinoid receptor [5] . Shortly after, a second, peripheral cannabinoid receptor was cloned, the CB 2 cannabinoid receptor [6] . Meanwhile, endogenous lipids were detected in various biological samples and reported to bind and activate the recently discovered receptors, thereby eliciting several of the pharmacological properties of cannabinoids. The first two representatives of this new family of lipid transmitters (termed endocannabinoids) to be identified were N-arachidonoylethanolamine (anandamide) [7] and 2-arachidonoylglycerol (2-AG) [8, 9] , which are still considered the main actors of the endocannabinoid system (Fig. (1) ). The purpose of the endocannabinoid system is to mediate an adaptative response to different pathological stimuli and to regulate fundamental physiological functions [10, 11] . This pleiotropy of actions is allowed by the ubiquitous distribution of the actors of the system, and by the multiplicity of signal transduction pathways which are triggered when the receptors are stimulated [12] . The effects of endocannabinoids are mediated both at the central level and in the periphery. In the central nervous system, the CB 1 receptormediated modulation of ionic currents and synaptic plasticity plays a major -although not exclusive -contribution to diverse processes such as the control of memory, learning, pain, appetite, psychoaffective state, movement, addiction and neuroprotection. In the periphery, other roles include the regulation of metabolism, pain, inflammation, cell proliferation, reproductive and cardiovascular functions, among others [13, 14] .
Several biosynthesis and degradative processes govern the subtle balance between the production and the degradation of endocannabinoids [15] [16] [17] (Fig. (1) and reference [18] for a general review on the endocannabinoid system). In 2001, the biological relevance of the fatty acid amide hydrolase (FAAH) [19] in the regulation of anandamide levels was demonstrated using a knockout mice model [20] . As to the 2-AG, growing evidence has assigned to the monoacylglycerol lipase (MAGL) the lead role in the termination of the signalling mediated by this endocannabinoid, despite the fact that no knockout mice model has been reported to date. Here we have reviewed the milestones that punctuated MAGL history, from its discovery to more recent findings in the context of drug discovery and elucidation of its tridimensional structure.
FROM FAT MOBILIZATION TO THE DISCOV-ERY OF THE MONOACYLGLYCEROL LIPASE
It is not in the context of endocannaboid signalling, but many years before, during the investigation of the pathways that govern lipid metabolism, that the MAGL was brought to light.
Lipid metabolism constitutes a highly regulated process, whose purpose is the maintenance of the subtle balance between fatty acids supply and demand. In the adipocyte, triacylglycerols are packaged into dynamic organelles termed lipid droplets, and are subsequently hydrolysed into fatty acids which are released into blood circulation to face demand [21] .
It was only at the beginning of the sixties that several studies demonstrated the presence, in the adipocyte, of two proteins involved in lipolysis and distinct from the lipoprotein lipase [22] . On the one hand, the hormone sensitive lipase (HSL), which was believed to cleave triacylglycerols to monoacylglycerols, and on the other hand a monoacylglycerol selective activity, whose purpose is to complete the hydrolysis process to release the free fatty acid [23] .
The Hormone Sensitive Lipase
Despite the fact that its tridimensional structure is still unsolved, HSL belongs to the / hydrolases superfamily (see below). Its catalytic activity involves the common Ser/His/Asp triad, and three important domains have been identified (a dimerization domain, the Ser423/Asp703/ His733-containing domain, as well as a polyphosphorylation site-containing domain). Besides numerous posttranslational modification processes, a transcriptional regulation has also Fig. (1) . Overview of the endocannabinoid system. 2-Arachidonoylglycerol and anandamide are synthesized from lipid precursors, and act at CB 1 and CB 2 cannabinoid receptors to generate their physiological effects. Their action is terminated by, respectively, the MAGL and the FAAH. Year after year though, complexity has been added to the system, as new messengers, receptors and metabolic routes have been unravelled. PEA, N-palmitoylethanolamine; OEA, N-oleoylethanolamine; PLC, phospholipase C; DAGL, diacylglycerol lipase; NAT, Nacyltransferase; NAPE-PLD, N-acylphosphatidylethanolamine phospholipase D, NAAA, N-acylethanolamine hydrolyzing acid amidase, FAAH2, fatty acid amide hydrolase-2; COX-2, cyclooxygenase-2, LOX, lipoxigenase; PPAR, peroxisome proliferator-activated receptor; ABHD, / hydrolase domain-containing proteins.
been described. This one occurs through a variability in the exon use as well as from the existence of several transcription starts leading to distinct proteins [24] . Hormone sensitive lipase shows an approximately ten times greater preference for diacylglycerols (DAG) than triacylglycerols (TAG) and monoacylglycerols (MAG) [23, 24] and a preference for the primary 1(3)-versus 2-ester position [25] .
In 1986, in an elegant immunoprecipitation study, Fredrikson and colleagues established the respective roles of MAGL and HSL [26] . While the action of purified hormonesensitive lipase on triacylglycerols resulted in an accumulation of 2-monoacylglycerols, selective removal of monoacylglycerol lipase by immunoprecipitation led to a strong decrease in glycerol and fatty acids release from an adipose tissue preparation. The addition of purified monoacylglycerol lipase then allowed the completion of TAG hydrolysis.
Lipolysis, overall, is under tight hormonal control. Among the regulatory processes, the stimulation of either Gi or Gs protein-coupled receptors modulates the activity of the enzymes involved in lipolysis through the control of cAMP levels [21] . For instance, phosphorylation controls HSL through a cAMP-dependent protein kinase (PKA). Activation of 1 and 2 adrenergic receptors stimulates cAMP formation and PKA, leading to an increase in enzyme activity [23, [27] [28] [29] [30] . The activation of other proteins (including perilipin A) required for the proper action of HSL at the surface of the lipid droplet was later shown to occur simultaneously, both events acting in concert to enhance the lipolysis.
Until quite recently, it was established that fat mobilization inside the adipocyte was under the tight and exclusive dual control of HSL and MAGL, the former initiating the TAG hydrolysis process, and the monoacylglycerol lipase allowing the release of the glycerol and the fatty acid moieties. Things changed when the genetic disruption of hormone sensitive lipase allowed the elucidation of the precise role of the enzyme in vivo. Surprisingly, the HSL deficient mice were neither overweight nor obese and even presented a reduced fat mass, while TAG contents remained unchanged and white and brown adipose tissues still exhibited 40% and 100% of triacylglycerol lipase activity, respectively. On the contrary, these mice were characterized by a diacylglycerol accumulation compared to wild-type animals [31] [32] [33] . These observations led to the identification of a novel enzyme named adipose tissue triacylglycerol lipase (ATGL) [34] .
The Adipose Tissue Triacylglycerol Lipase
Physiological relevance of ATGL was clearly established when a knockout mice model was reported [35] . Unlike HSL deficient mice, ATGL -/-animals are characterized by a strong fat accumulation, as well as an increase of body weight and fat mass and a reduced lifespan.
Like HSL, ATGL activity is also kept under a tight control by hormonal factors and nutritional status [24] . Whilst TNF stimulates lipolysis in HSL -/-mice, it reduces ATGL mRNA levels, thus strongly suggesting the occurrence of posttranslational modifications of the enzyme. Activation of the nuclear receptor PPAR also positively modulates ATGL gene transcription, as rosiglitazone, a PPAR agonist, enhances mRNA levels and lipolysis [36, 37] . Besides transcriptional modification, several proteins associated to the lipid droplets participate in the action of ATGL, and therefore in the regulation of its activity. In particular, CGI-58 (or / hydrolase domain-containing 5, ABHD5) is a protein linked to perilipin A at the surface of the lipid droplet. Following -adrenergic stimulation and the cAMP-dependent PKA activation, perilipin A is phosphorylated. This causes CGI-58 to dissociate from the droplet, and its subsequent interaction with ATGL to activate lipolysis [38] [39] [40] [41] . Other lipid-associated proteins in close connection with lipid droplets and ATGL take part into the recruitment of ATGL at the surface of the lipid droplet and the activation of lipolysis. The complex networks regulating lipolysis through the modulation of HSL and ATGL and their physiopathological implications in the context of fat metabolism have been recently discussed in excellent reviews [24, 42] .
Since the blurred initial picture in the early sixties, when only global lipase activities could be detected -with hardly isolable and unknown actors displaying overlapping substrate selectivities as well as tissular and cellular localization -understanding of the lipolysis process has had a major breakthrough to lead to the current conception (Fig. (2) ). 
THE MONOACYLGLYCEROL LIPASE
As mentioned above, the first evidence of the presence, in the adipose tissue, of a lipase activity specific for monoacylglycerols and distinct from lipoprotein lipase and HSL was established more than forty years ago [22] . Using different enzyme assays, the authors identified distinct lipase activities in the fat portion of adipose tissue. One of these, colocalized with HSL and other putative lipases, displayed a strong selectivity for mono-versus di-and tri-glycerides.
The biochemical study of this -at the time unknown -lipase activity highlighted a slight preference for 2-monoolein compared to 1-monoolein and an optimum pH of 8.0 [22] .
Two years later, the same group reported the partial purification and characterization of the enzyme [43] , resulting in the confirmation of the absolute monoacylglycerol preference over diacylglycerols and triacylglycerols and the identification of the first chemical tools to modulate MAGL activity (see below).
In 1976, the first thorough purification of monoacylglycerol lipase was achieved, starting from the adipose tissue from 100 rats [44] . The main advance that allowed the isolation of the MAGL was the use of a detergent to dissociate the enzyme from large lipid-containing aggregates. During this study, it was also shown that detergent and a reducting agent were required to ensure good enzyme stability.
Cloning of the Monoacylglycerol Lipase
It took many more years before the cloning of the gene encoding MAGL was reported by the same group [45] . Using the same procedure and starting from epididymal fat pads from rats, the authors purified the MAGL, subjected the protein to tryptic digestion, and after sequencing of seven peptides, they amplified a 519 bp PCR product from a mouse adipose tissue cDNA preparation and used the fragment as a probe to screen a mouse adipocyte gt11 cDNA library. This resulted in the cloning of the whole coding sequence of the mouse MAGL, which was then expressed in COS cells for further characterization.
Since then, a huge amount of MAGL orthologs from many eukaryotics organisms, including human, chimpanzee, dog, cow, rat, chicken, zebrafish, A. thaliana and rice have been cloned, often sharing a high degree of identity ( Table  1) .
From the Gene to the Function
Mouse MAGL gene, located on chromosome 6, is composed of seven exons [46] . The cDNA sequence which was initially reported encodes a 303 a.a. protein of 33,218 kDa, a value that is very close to the estimation given by Tornqvist and Belfrage twenty years before (31,800 to 32,900 kDa).
Several bacterial, yeast, and viral proteins were identified as MAGL homologs. The MAGL shares about 50% identity with a poxvirus "hypothetical protein" which was identified the same year [47] . Interestingly, when the gene encoding the latter protein was cloned, it was shown to be highly identical to a human cDNA (HU-K5, actually the MAGL cDNA) and, based on the similarity to an E.coli lysophospholipase, the authors suggested that these sequences might encode proteins involved in lysophospholids catabolism.
Other neighbours, sharing between 20% and 25% identity with MAGL, included an esterase from Pseudomonas putida, a hypothetical protein from S.cerevisiae, proteins from A.thaliana and M.genitalium, lysophospholipases from E.coli and H.influenzae, as well as several bacterial haloperoxidases [45] . Alignment of these sequences allowed the identification of the HG dipeptide and the GXSXG motif commonly found in lipases and esterases and which is likely to contain the nucleophilic serine [48] . It also led to propose a putative catalytic triad, constituted by Ser 122, Asp 239 and His 269, whose point mutation confirmed the implication in the catalytic mechanism.
Moreover, comparison with the only close homolog of known tridimensional structure, the bromoperoxidase A2 from S. aureofaciens, combined with secondary structure prediction, ranked MAGL among the / hydrolase superfamily, whose fold is shared by many lipases, esterases, and haloperoxidases [49] .
Substrate Selectivity
Although the 2-monoolein hydrolase activity in the adipose tissue was initially reported to be two times greater than that for the sn-1-isomer [22] , a lack of selectivity for both regioisomers was demonstrated later by the use of pure enzyme. The lipase (enzyme classification 3.1.1.23) is unable to cleave either diacylglycerols or triacylglycerols. Moreover, it is inactive on cholesterol esters and prostaglandinglycerol esters, and despite its known homology with viral and bacterial lysophospholipases, the enzyme does not display any lysophospholipase activity for lysophosphatidylcholine [44, 50, 51] .
Several authors have studied the impact of the length and the degree of unsaturation of the substrate acyl chain, by measuring either the rate of hydrolysis or the inhibitory potency of the compounds towards the hydrolysis of a known substrate (thus reflecting more the affinity for the enzyme than its capability to act as a substrate). MAGL hydrolyzes efficiently substrates with various number of double bonds (C18:1, C18:2; C20:4) and acyl chain length (from C8:0 to C18:0) [43, 52] . However, the degree of unsaturation was reported to have a certain impact, with the MAGL displaying a preference for arachidonoylglycerol compared to palmitoylglycerol and, generally speaking, for unsaturated compared to saturated substrates (C16:0, C20:0) [52] [53] [54] .
By measuring the inhibitory potency of a series of trifluoromethylketone derivatives on the 2-AG hydrolase activity from a rat cerebellar cytosolic fraction, Ghafouri and colleagues also observed a marked preference for the arachidonoyltrifuoromethylketone (pIC 50 = 5.54) and oleoyltrifuoromethylketone (pIC 50 = 5.99) compared to the palmitoyl analogue (pIC 50 = 5.11) [54] .
It is noteworthy to mention that, in several of these studies, data analysis might have been complicated by the fact that protein homogenates are often used as the source of enzyme activity, raising concerns about the exact identity of the enzyme whose activity is measured. The use of recombinant MAGL could therefore be helpful to gain additional information on the enzyme substrate selectivity.
Tissue Localization
Since its first identification in the adipose tissue, MAGL localization has extended to many other tissues and is now known to constitute an ubiquitously expressed enzyme. In the rat, high levels of MAGL mRNA are found in the adipose tissue, kidney and testis. Other organs include adrenal gland, brain, heart, lung, skeletal muscle, liver, ovary and spleen, in decreasing order of MAGL mRNA abundance [45] . In the brain, MAGL transcript is also present ubiquitously (cortex, hippocampus, cerebellum, thalamus, striatum), despite lower mRNA levels are found in the brainstem and hypothalamus [55] . In the adipocyte, MAGL was found in large lipid-containing aggregates [44] . Besides this, a concomitant distribution in membranes as well as in the cytosol has been reported. First, adenovirus-mediated MAGL expression in HeLa cells led to immunoreactivity and lipase activity localized in both the cytosolic and plasma membranes/particulate fractions of the cells [55] . Second, in the hippocampus, the ultrastructural distribution of the enzyme is homogenous and no compartmental preference is reported [56] . Third, using ABPP-MudPIT (Activity-Based Proteome Profiling with Multidimensional Protein Identification Technology), Blankman and colleagues identified MAGL both in membrane and cytosolic mouse brain proteomes [57] .
This dual MAGL cellular localization ( Table 2 ) may either suggest the intrinsic amphitropic nature of MAGL or reflect putative posttranscriptional/posttranslational events regulating MAGL expression and activity.
Regulation of MAGL Activity
Unlike the hormone-sensitive and adipose tissue triacylglycerol lipase, which are strongly controlled by hormonal factors, little is known about the regulation of MAGL, either at the gene or posttranslational levels. In view of the high abundance of monoacylglycerol lipase activity in the adipocyte and the apparent lack of regulation by hormonal factors, Vaughan and colleagues suggested that HSL and not MAGL might constitute the rate-limiting step in the fat mobilization process [22] . Nevertheless, more recent observations support the existence of several kinds of regulation of MAGL.
First, a western blot analysis of MAGL tissular expression in different tissues has revealed the existence of MAGLs of distinct molecular weights [46] . In the mouse, whereas MAGL from adipose tissue, liver, heart, lung, stomach, kidney, spleen, kidney and adrenal gland migrates with a molecular weight of about 33 kDa, the enzymes from the Table 2 . Evidence for the Amphitropic Localization of the MAGL. The enzyme was observed in both the membrane and cytosolic fraction of neurons, or after overexpression in eukaryotic cells. Besides this, the enzyme was also purified from adipocytes lipid aggregates. (ABPP-MudPIT: Activity-based Proteome Profiling with Multidimensional Protein Identification Technology)
Enzyme source Evidence Localization References
Expression in HeLa cells Activity assay/western blot, before and after immunodepletion Cytosolic fraction [58] Expression in HeLa cells Activity assay
Immunohistochemistry
Cytosol and plasma membrane (particulate fraction) [55] Expression in COS7 cells ABPP Membrane and cytosol [57] Rat cerebellum Activity assay Membrane fraction [59] Rat cerebellum Activity assay Cytosolic and membrane fractions [60] Mouse brain Activity assay/ABPP-MudPIT Membrane and cytosol [57, 61, 62] Rat brain Western blot Cytosolic fraction [55, 58] Rat brain Activity assay/Western blot, before and after immunodepletion Cytosolic fraction [58] Mouse adipocyte tissue Isolation of the monoacylglycerol lipase activity
Lipid aggregates [43] [44]
[ 45] brain, testis and skeletal muscle seem to constitute other slightly different species. In the brain, and testis, the classical band is accompanied by another one, with a ~2 kDa higher molecular weight. In the muscle, a single and much larger protein was detected (about 40 kDa), whilst in the testis, MAGL either migrates as a single slightly smaller protein (~30 kDa) or constitutes two species differing by 2 kDa, similarly as for the brain enzyme [46, 55, 57, 62] . Whether such entities arise from the use of different in frame start codons, from alternative splice variants, or from posttranslational modifications of the enzyme is still unknown. Nevertheless, at the gene level, several possibilities exist. First, two isoforms are reported in the GenBank (long, isoform 1, accession code NP_001003794; short, isoform 2, accession code NP_009214) (An alignment is shown in Fig. (3) ). Consistently, Karlsson and colleagues reported the identification of divergent 5' leader sequences for MAGL cDNA. The sequences differ 21 bp upstream from the predicted translation start previously reported by the same group [45] and the longest form contains two additional in-frame start codons compared with the known protein. The use of these ATG codons would result, at best, in a ~2 kDa increment, and could thus potentially explain the additional band observed in the brain. However, the ~40 kDa and ~30 kDa proteins observed in muscle or testis, respectively, could not arise from these alternative mRNA transcripts.
Moreover, two novel splice variants of the short and long forms have been recently introduced in the GenBank (accession code ACD37712 and BAH14267, unpublished results), and correspond to a deletion of the exon 5. Most importantly, this deletion results in a 30 a.a. deletion which occurs within the so-called cap domain (see below and Fig. (3) ). In view of the crucial functions played by this region for substrate recognition and selectivity, this alternative splicing is likely to have profound impacts on MAGL function, in terms of cellular localization or activity, for instance.
Another kind of modulation of MAGL activity could involve a regulation of the transcription of the gene. Recently, transcriptional upregulation of MAGL by Peroxisome Proliferator Activated Receptor (PPAR ) has been reported [63] . PPARs are nuclear receptors that, upon heterodimer formation with retinoid X receptor (RXR), bind to target gene promoters to activate transcription. Further, endogenous ligands or drugs can bind PPARs to modulate its activity. In the above-mentioned study, the authors screened mouse liver genes for those whose transcription is altered following PPAR activation. Those involved in lipid metabolism were then studied further. It could be demonstrated that the PPAR agonist Wy14643 led to a 6-fold increase in MAGL mRNA levels. The specificity of this effect was confirmed with the use of a PPAR -/-mouse model and in cultured hepatocytes. This observation makes sense, given the Fig. (3) . Alignment of the amino acids sequences corresponding to MAGL splice variants with the known sequence of the enzyme (short and long isoforms). The portion of the sequence corresponding to the cap region is underlined.
well documented role of the endocannabinoid system in the energy balance and metabolism [64] . For instance, the CB 1 inverse agonist rimonabant (SR141716A) has been marketed by Sanofi Aventis group to improve the metabolic profile associated with obesity. In addition to this, it is to note that PPAR constitutes the molecular targets for the well known fibrates.
As far as we know, no evidence of phosphorylation or other modifications of MAGL has been reported to date. Nevertheless, while little is known about the putative posttranscriptional or posttranslational modifications encompassing MAGL expression, there is a possibility that such processes might act in unison to regulate MAGL activity, by generating enzymes of different intrinsic activity or subcellular localization. Such species would meet the specific needs of the cell in a particular tissue or physiological situation.
On the In Vivo Relevance of MAGL: From the Fat Mobilization to the Regulation of Endocannabinoid Signalling
MAGL completes the hydrolysis of triacylglycerols in the adipocyte. It behaves as a selective 2-monoacylglycerol hydrolase, devoid of activity on other lipids. This observation turned out to be of utmost importance in the middle of the nineties, when the endocannabinoid system was brought to light. Indeed, besides its original role in the mobilization of fat in the adipocyte, which led to its discovery in the early sixties, the discovery of 2-arachidonoylglycerol as a key messenger of the endocannabinoid system marked a turning point in the study of MAGL.
Despite the lack of adequate pharmacological tools for MAGL -no deficient mice model is available yet and selective, potent inhibitors have been lacking for a long timeseveral studies have highlighted the physiological relevance of MAGL in 2-AG degradation:
First, in HeLa cells and rat cortical neurons, adenovirusmediated MAGL expression caused an increase in 2-AG hydrolase activity [55] . In these cells, interfering RNA resulted in a decrease of MAGL lipase activity and enhanced 2-AG levels [58] .
Second, MAGL lipase immunodepletion in rat brain soluble fraction leads to a 50% decrease in 2-AG hydrolase activity. Noteworthy, the remaining (and not FAAHdependent) hydrolytic activity suggests the probable existence of additional enzymes regulating 2-AG levels in the brain [58] .
Blankman and colleagues also elegantly contributed to the elucidation of the enzymatic pathways governing 2-AG catabolism [57] . Using the ABPP-MudPIT (Activity-Based Proteome Profiling coupled with Multidimensional Protein Identification Technology), mouse brain was mapped for the enzymes involved in 2-AG degradation. This allowed to assign about 85% of the 2-AG catabolism to MAGL and to limit the FAAH involvement in the degradation of the endocannabinoid to ~1%. Consistently, previous studies had shown that, despite FAAH displaying a high activity towards 2-AG in vitro, administration of the selective inhibitor URB597 as well as disruption of FAAH gene (FAAH -/-mice) is not, in most cases, associated with enhanced 2-AG levels [65] [66] [67] . As well as these findings, the study of Blankman allowed the identification of two additional hydrolases, the / hydrolase domain-containing 6 and 12 (ABHD6 and ABHD12), which were previously uncharacterized and are together responsible for ~13 % of 2-AG degradation.
Finally, treatment of mice with JZL184, one of the most potent and selective MAGL inhibitor, resulted in a ~90% inhibition of 2-AG hydrolysis and a substantial increase of 2-AG brain levels (2-fold to 8-fold, following the dose which was administered) [62] . It also enhanced, to a lower extent however, oleoylglycerol and palmitoylglycerol concentrations. Other tissues were also affected by JZL184 treatment. In kidneys, spleen, heart, brown and white adipose tissue and lungs, MAGL inhibition led to the accumulation, to varying extents, of the three monoacylglycerols tested. Notably, 2-AG levels in white adipose tissue and lung did not increase, unlike those of C16:0 and C18:1 monoacylglycerols. Moreover, no statistically significant change in the monoacylglycerols levels was observed in the testis. In the testis and adipose tissue, about 50-60% of the 2-AG hydrolyzing activity remained after JZL184 treatment. Whether this results from the presence of additional lipase(s), like hormone-sensitive lipase in the adipose tissue, or from the limited JZL184 ability to completely inhibit MAGL in these tissues is still questionable. Another possibility is that the differences between the alternative MAGL species (splice variants, posttranslational modifications) might have an impact on how well the protein is accessible to -or inhibited by -JZL184.
Overall, evidence tends to demonstrate the crucial involvement of MAGL in the regulation of 2-AG pools. It is likely that the availability of MAGL -/-mice model and the emergence of more potent, and above all more selective, inhibitors will provide even more precise answers to the question of the MAGL biological function.
MAGL and the Endocannabinoid Retrograde Signalling
One of the essential functions of CB receptors and endocannabinoids is to be involved in synaptic plasticity, as they modulate the signaling mediated by other transmitters. Depolarization of the postsynaptic neuron, as well as the activation of Gq protein-coupled receptors, results in the activation of endocannabinoid biosynthesis pathways in the postsynaptic neuron (Fig. (4) ) [13] . The newly synthesized endocannabinoid travels backward, crossing the synaptic space to bind presynaptic CB 1 receptors, inhibiting calcium influx and decreasing the probability of presynaptic vesicle release. Overall, this chain of events leads to a temporary or more persistent dimming of inhibitory or excitatory currents at GABAergic and glutamatergic synapsis, respectively.
The subtlety of this modulation is further strengthened by the intervention of endocannabinoid degradating pathways, and indeed growing evidence has emerged to assign a key role to MAGL in the endocannabinoid-mediated retrograde signalling.
-
Immunohistochemistry and light microscopy studies have allowed the study of subcellular and ultrastructural localization of MAGL and FAAH in several brain areas. This sheds light on the spatial organization of the endocannabinoid actors at the synaptic level, compatible with the intrinsic function of the system in neural transmission [56] . In the hippocampus, the cerebellum and the amygadala, MAGL and FAAH co-localize with CB 1 receptor and display a complementary distribution. MAGL is exclusively found in the presynaptic axon terminals of inhibitory and excitatory interneurons, along with CB 1 receptors. On the contrary, FAAH is associated with dendrites and neuron somata but is absent from axon terminals. Interestingly, at the ultrastructural level, FAAH is associated with the cytoplasmic surface of smooth endoplasmic reticulum cisternae and cytoplasmic surface of mitochondrial outer membranes, but locates more rarely on the cell membrane, whilst MAGL shows a much more diffuse pattern, with no compartmental preference.
-MAGL overexpression in HeLa cells counteracts the synaptic 2-AG (but not AEA) accumulation resulting from N-methyl-D-asparate and acetylcholine receptors activation [68] , which had been previously demonstrated to enhance 2-AG and anandamide production, leading to the retrograde inhibitory signal effects observed in the the hippocampal and the cortex [55, 69] .
Despite the paucity of MAGL inhibitors available to date, several studies using compounds interfering with MAGL (with more or less selectivity) have also allowed a better understanding of the role played by MAGL in the hippocampal depolarization-induced suppression of inhibition (DSI). First, in CA1 pyramidal cells, URB602, a weak inhibitor of both MAGL and FAAH [60, 70] , increases duration of DSI, unlike the selective FAAH inhibitor URB597 [71, 72] . Second, in other studies on hippocampal neurons, MAFP and ATFMK, two non selective FAAH/MAGL inhibitors, also i. decrease inhibitory and excitatory post-synaptic currents (IPSC, EPSC) at basal state and ii. extend the duration of DSI and its excitatory counterparts (depolarization-induced suppression of excitation, DSE), and the inhibitory signal induced by exogenous 2-AG [73] . Once again, in this study, URB597 failed to change duration of DSI, as reported previously by other teams, whilst the selective COX-2 inhibitor meloxicam prolonged the dura- Fig. (4) . The MAGL modulates the 2-AG-dependent retrograde signaling in the presynaptic neuron. Following the on demand synthesis of 2-AG, the endocannabinoid stimulates presynaptic CB 1 receptor, thus decreasing the release of other neurotransmitters. The MAGL, which is exclusively located in the presynaptic neuron, modulates this inhibitory signal. In addition, in the postsynaptic neuron, the COX-2 appears to regulate part of the postsynaptic pool of 2-AG. On the contrary, the FAAH, which is anchored to the membranes of intracellular compartments, does not seem to be involved in the control of 2-AG, despite the fact that it hydrolyses this substrate very efficiently in vitro.
tion of DSI but not the inhibitory action of exogenously applied 2-AG [70, 72] . Third, the recent development of the selective MAGL inhibitor JZL184 (see below) has provided a priceless tool for determining the nature of the pathways involved in the endocannabinoid-mediated retrograde signalling. By demonstrating that JZL184 extends the duration of DSE in cerebellar neurons and DSE/DSI in hyppocampal pyramidal neurons, Straiker, Pan and their colleagues recently provided additional and convincing evidence for the predominance of the 2-AG/MAGL pathway over that involving AEA/FAAH in the DSI/DSE process [74, 75] .
Thus, the CB 1 /FAAH/MAGL tissular co-localization, the spacial segregation of MAGL and FAAH, as well as the disruption of MAGL, FAAH and COX-2 activities by pharmacological tools have shed light on the functioning of the endocannabinoid system within the synapse (Fig. (4) ). When activated by a strong depolarization or GPCR activation, postsynaptic neurons synthesize and accumulate 2-AG and/or AEA. The endocannabinoid diffuses locally towards the presynaptic terminal where it activates cannabinoid receptors, causing an inhibition of Ca ++ influx and a decrease in neurotransmitter release. The identity of the endocannabinoid which is involved in this process (2-AG versus anandamide) is, however, still a matter of debate. In the shortterm form of synaptic plasticity (depolarization-induced form or receptor-driven endocannabinoid release), it is now believed that presynaptic MAGL, but not postsynaptic FAAH, terminates the retrograde inhibitory signal. This observation thus involves 2-AG as mediator. Postsynaptic COX-2 could also participate in the regulation of endocannabinoid accumulation.
In the longer form of plasticity (LTD, long term depression), the production of either anandamide or 2-AG is involved, depending on the areas of the brain. LTD in the cerebellum and the hippocampus could be mediated by 2-AG, whereas it might involve anandamide in the striatum and amygdala [73, [76] [77] [78] .
Recent Findings on MAGL and its Implication in Cancer Pathogenesis
In the previous paragraphs, the emphasis was on the functioning of the endocannabinoid system in the retrograde signaling within the synapse. This essential function takes place in several regions in the brain including the hypothalamus, cerebellum, hippocampus, striatum, neocortex, amygdala, striatum and nucleus accumbens, where its purpose seems to be its ability to provide protective/homeostatic responses to stresses and to regulate affective, cognitive or motivational processes [10] .
Beside the central nervous system however, the endocannabinoid system is also well prominent in the periphery, where it plays an essential role in the control of a wide range of biological functions such as the control of nociception, metabolism, reproduction, cardiovascular and gastrointestinal function and bone formation [14] .
Recently, the implication of the MAGL in cancer pathogenesis has been demonstrated, raising new hopes for the development of original anticancer therapeutics based on MAGL inhibition [79] . In their study, Nomura and colleagues found elevated MAGL expression levels in aggressive versus nonaggressive human cancer cell lines. This was accompagnied by a profound decrease in the concentration of several monoacylglycerols, as well as an increase in the corresponding fatty acids. On the one hand, MAGL overexpression increased the aggressiveness of non aggressive cancer cell lines. On the other hand, genetic knockdown of MAGL expression by interfering RNAs, as well as inhibition of the enzyme activity with an JZL184, a selective inhibitor (see below), affected the migration, invasion, cell survival and tumor growth in aggressive cancers. Importantly, exogenous fatty acids restored the loss of pathogenicity. Overall, it was shown that, in cancer cells, a panel of fatty acids and other lipids are produced following the stimulation of MAGL activity to promote cell proliferation and cancer malignancy.
From a Pharmacological Tool to a Drug Targeting MAGL
During the last decade, the sudden awareness of the implication of endocannabinoid system in such a pleiotropy of functions prompted the medicinal chemist to develop tools in order to explore the pathways governing endocannabinoids degradation, as well as to validate MAGL as a therapeutic target. Such a quest has been made necessary especially since MAGL knockout mice model is still unavailable to date.
Targeting Cysteines

A.
First inhibitors of MAGL were described forty years ago and comprise several sulfhydryl-reacting compounds. Such agents include p-chloromercuribenzoate (pCMB), mercurichloride (HgCl 2 ) and Nethylmaleimide (NEM) [43, 44] . Based on the known inhibitory potential of NEM and a three dimensional model of MAGL showing the presence of two cysteines in the active site of MAGL (Cys208 and Cys242), Saario and colleagues synthesized a series of maleimide derivatives, whose mode of inhibition involves a Michaelis addition on one or several sulfhydryl residue(s) (Fig. (5) ) [59, 80] .
This resulted in the development of Narachidonylmaleimide (NAM), the most potent compound using this scaffold, with an IC 50 value of 0.14 M on rat cerebellar membranes [59] (Fig. (6) ). Noteworthy, other groups subsequently reported higher IC 50 values for this compound [57, 80] . Our group also reported the synthesis of a series of maleimides [81] . For instance, 1-biphenyl-4-ylmethylmaleimide inhibits pure human MAGL with an IC 50 of 790 nM, whilst being 2 orders of magnitude less potent on the FAAH.
Using ABPP, Blankman and colleagues confirmed the relative NAM selectivity for MAGL, although a partial inhibition of FAAH and ABHD12 was also observed at higher dose. Hence, the compound was used as a pharmacological tool to unveil the consequences of a disruption of MAGL activity and to elu-cidate the respective effects of 2-AG versus AEA [82] . However, given the fact that in vivo, NAM is likely to result in the covalent modification of a huge amount of proteins -not necessarily in the active site -there is little chance that this compound would be a good candidate for drug development.
B.
Disulfiram, a well known aldehyde dehydrogenase inhibitor used since decades to treat alcoholism, was reported to inhibit human MAGL with a micromolar affinity (Fig. (6) ) [83] . Recently, Kapanda and colleagues also reported the development of a series of MAGL inhibitors based on this template. The most potent representative, bis(4-methyl-1-piperazinylthiocarbonyl)disulfide, displayed an IC 50 of 110 nM on the pure enzyme, and a more than 1000 selectivity ratio for MAGL compared to FAAH. Using dithiothreitol and site-directed mutagenesis, the inhibition was shown to occur through an interaction with the Cys242 and Cys208, inside MAGL catalytic site [84] .
C.
Very recently, while investigating a series of sulfhydryl-reactive agents, King and colleagues have reported the ability of the 2-octyl-isothiazol-3-one to inhibit the rat MAGL (octhilinone, IC 50 = 88 nM on pure rat MAGL) (Fig. (6) ). The compound inhibits the enzyme through a partially reversible mechanism. According to site-directed mutagenesis experiments, the authors suggested the formation of a disulfide adduct with the Cys208 (Fig. (5) ). In addition, substituting the n-octyl substituent with an oleoyl group increased the inhibitory potency (2-octadec-9-enylisothiazol-3-one, IC 50 = 43 nM, on rat MAGL) [85] . Besides this, the same authors identified pristimerin and euphol, two natural terpenoids, as inhibitors of rat MAGL (IC 50 on rat MAGL: primisterin, 93 nM; euphol, 315 nM). Most interestingly, these compounds act through a reversible mechanism, by interacting with either Cys201 or Cys208 [86] .
Targeting the Nucleophilic Serine
A.
First characterization of MAGL identified diisopropylfluorophosphate as MAGL inhibitor [43, 44] . Other compounds include trifluoromethylketones (arachidonoyltrifluoromethylketone, ATFMK; oleoyltrifluoromethylketone; palmitoyltrifluoromethylketone) and the irreversible inhibitor methylarachidonylfluorophosphonate (MAFP) [54, 83] (Fig. (7) ). Despite the fact that the voluminous and lipophilic arachidonyl chain would be likely to provide MAFP and ATFMK an improved selectivity profile versus proteins belonging to other systems, these compounds also display several off-targets. MAFP was first reported as a phospholipase A2 inhibitor and inhibits FAAH and MAGL with similar potencies, while ATFMK acts on MAGL, FAAH and CB 1 cannabinoid receptor.
B.
A series of trifluoromethylketones with a -thioether moiety were developed by Nithipathikom [87, 88] . A subset of these compounds, among which octylthiotrifluoropropan-2-one (OTFP), increased 2-AG levels in two prostate cancer cell lines, revealing the anti-invasive effect of 2-AG. However, their inhibitory potency was only tested in crude cytosolic and membrane homogenates, and it is likely that these compounds unselectively target other esterases and probably the FAAH, since it is known that trifluoromethylketone scaffold constitutes a good template for FAAH inhibition [89] .
C.
Ely-Lilly carbamoyl tetrazole LY2183240 was first described as an inhibitor of anandamide transporter (IC 50 uptake = 15 nM) [90] (Fig. (7) ). However, it has been subsequently reported that this property could result from its ability to potently and irreversibly inhibit FAAH as an off-target (IC 50 [91, 92] . Indeed, as pointed out by Ortar and colleagues, the compound studied by Alexander and Cravatt likely represents a mixture of the 1,5-and 2,5-regioisomers of LY2183240 [93] . The authors thus synthesized and purified both isomers and other tetrazole derivatives, and measured their inhibitory potency on the MAGL and the FAAH, as well as on the anandamide transport process. On the one hand, the 1,5-regioisomer only slighly inhibits MAGL, whilst being a much more potent inhibitor of anandamide degradation and transport (IC 50 FAAH = 2.1 nM ; IC 50 uptake = 15 nM ; IC 50 MAGL = 8100 nM). On the other hand, the 2,5- isomer interacts with a much higher affinity with MAGL, but unfortunately lacks selectivity versus FAAH (IC 50 FAAH = 33 nM ; IC 50 uptake = 998 nM ; IC 50 MAGL = 20 nM). In a mass spectrometry analysis, the binding mode of the 2,5-regioisomer to recombinant human MAGL was investigated. Inhibition occurs through the attack of the Ser122 hydroxyl group, which leads to the formation of a carbamoylation product containing the inhibitor dimethylamino group, as demonstrated by the +71 mass increment of the tryptic fragment containing this residue. The biphenylmethyl tetrazole moiety thus constitutes the leaving group during this reaction [80] .
D.
Sanofi-Aventis group recently reported the development of a series of triazolopyridine carboxamides and triazolopyrimidine carboxamides derivatives that show a dual or selective inhibitory activity versus 2-OG and AEA hydrolase activity in mouse brain homogenates [94] [95] [96] (Fig. (8) ). Despite the fact that only a subset of data are reported in these patents, these compounds seem to display interesting inhibitory potencies towards either MAGL or FAAH.
E.
Based on the discovery of the inhibitory potency of tetrahydrolipstatin (THL), a lipase inhibitor, on 2-AG hydrolase activity in brain [57] , Di Marzo's team reported the synthesis of a series of THL-derivatives, which led to the development of the micromolar inhibitor OMDM169 [97] (Fig. (7) ). Unlike several of the above-mentioned compounds, OMDM169 displays a good selectivity for 2-AG versus AEA degradation (IC 50 = 0.13-0.34 M on 2-AG hydrolysis in rat brain and rat cerebellum preparations; IC 50 = 3.0 M on rat FAAH). Interestingly, OMDM169 is reversible and its inhibitory potency varies depending on the enzyme source and the species, as the compound inactivates 2-AG hydrolysis about ten times more strongly in rat than in mouse tissues (IC 50 = 0.92 to 7.53 M in mouse). Considering the multiple pathways that inactivate 2-AG in vitro, the authors also measured the ability of OMDM169 to inhibit pure recombinant human MAGL (IC 50 hMAGL = 0.89 M). Despite the fact that the whole spectrum of offtargets has not yet been fully investigated, several enzymes may already be pointed out. These are the diacylglycerol lipase, with a potency similar to that on FAAH (IC 50 DAGL = 2.8 M), the human pancreatic lipase (IC 50 HPL = 0.6 M) and hepatic triacylglycerol lipase. As this compound initially originates from THL, a well known hormone sensitive lipase inhibi- tor, additional undesirable targets (mainly lipases) might be identified in the future.
Apart from these issues, OMDM169 was tested in vivo for its antinociceptive properties. In the formalin test, the compound (2.5-5 mg/kg, i.p.) promoted analgesia in the second phase of nociception. This effect was accompanied by an increase in 2-AG levels in the ipsilateral paw that received formalin injection. However, 2-AG concentration without formalin injection did not change, likely reflecting the ability of the endocannabinoid biosynthesis pathways to respond "ondemand" to a stimulus, while remaining quiescent at basal state. Consistently, OMDM169 failed to elevate 2-AG level in untreated N18TG2 neuroblastoma in culture but increased its concentration when endocannabinoid biosynthesis was induced by ionomycin. This observation therefore supports the idea that inhibitors of endocannabinoid degradation could help to gain time or spatial selectivity over direct cannabinoid receptors agonists and avoid the central side effects associated with the use of the latter compounds. Unexpectedly enough given its in vivo phamacological effects, OMDM169 failed to produce a significant inhibition of 2-AG hydrolase activity in brain and paw skin from treated mice, reasons for this remaining unclear.
F.
Following the success associated with the use of carbamates in the development of FAAH inhibitors [98] , Hohmann and colleagues screened a library of Obiphenyl and N-biphenyl carbamates and reported the development of URB602 as the first selective inhibitor of 2-AG degradation, although its potency remained limited (IC 50 = 28 M and 223 M on rat brain and pure recombinant rat MAGL, respectively) [70, 99] (Fig. (7) ). Despite the fact that it was shown to lead to the selective accumulation of 2-AG (not AEA) in rat hippocampal slices or after injection in the periaqueductal gray, this compound was subsequently reported to inhibit FAAH and MAGL with similar potencies [60, 70, 71, 99] . Nevertheless, URB602 was used to demonstrate the implication of the endocannabinoid system in stress-induced analgesia and it exhibited CB 2 -dependent analgesic and antiinflammatory properties in a model of inflammation [100] .
Other carbamates that lead to MAGL inhibition include SPB 01403 (IC 50 = 31 M on rat cerebellar membranes) [101] , CAY10499 (IC 50 = 0.5 M to 20 nM on the pure human MAGL, depending on the preincubation time) [102] , and 5-methoxy-3-(4-phenoxyphenyl)-3H- [1, 3, 4] oxadiazol-2-one (IC 50 = 78 nM) [103] (Fig. (7) ). However, SPB 01403 also inactivates FAAH with a higher affinity (IC 50 = 0.52 M on rat brain homogenates), and the two latter compounds lack selectivity over FAAH and, at least for CAY10499, the hormone sensitive lipase. 
G.
Without any doubt, one of the most promising breakthroughs in the quest for selective MAGL inhibitors came from the screening of a carbamate library and the development of a series of derivatives of this scaffold by Cravatt's team [61, 104] . In an effort to optimize the selectivity during the development process, chemistry works were performed together with a biological evaluation using ABPP technology. This resulted in the low nanomolar inhibitor JZL184, which exhibits a comfortable selectivity versus FAAH in vitro (IC 50 = 6 nM and 4 M for recombinant MAGL and FAAH expressed in COS7 cells, respectively) (Fig. (7) ). As it is the case for the 2,5-regioisomer of LY2183240, the inhibition mechanism involves the carbamoylation of the Ser122, with p-nitrophenol as the leaving group [62] . ABPP and enzymatic assays performed on brain membrane proteome from JZL184-treated mice confirmed the nearly complete and rather selective inhibition of MAGL and 2-AG hydrolysis (75% inhibition at 4 mg/kg). Encouragingly, ABPP-MudPIT also failed to identify other offtargets of JZL184 among the panel of 40 brain hydrolases that were tested. Note that, depending on the dose, FAAH was inhibited as well in vivo, although incompletely and to a lesser extent than MAGL. Noteworthy, ABPP-MudPIT experiment performed on lung membrane proteome allowed the identification of esterase 1, esterase 1-like and triacylglycerol hydrolase 2 as JZL184 off-targets, thus highlighting a still improvable selectivity [62] . Like OMDM169, the compound displays an interesting interspecies selectivity, being ten times more potent on human and mouse MAGL than on the rat ortholog. This is in contrast with OMDM169, which is more active on the human and rat enzyme, compared to the mouse ortholog.
As expected, JZL184 administration resulted in a dramatic concentration-dependent increase of brain 2-AG levels. Accumulation of N-acylethanolamines (in particular AEA) did not occur, unless at the highest dose (40 mg/kg). Using microdialysis, the authors also measured the signaling-competent concentrations of endocannabinoids and found that JZL184 enhances 2-AG pools in the synapsis, while leaving AEA levels unchanged. The accumulation of 2-AG in vivo is accompanied by a strong CB 1 -dependent analgesic effect in different models of nociception (tail immersion, phase I and II of the formalin test, as well as acetic acid-induced tail writhing). Another key finding of this study is the observation that JZL184 administration results in a subset of effects belonging to the classical "tetrad", i.e. a CB 1 dependent hypothermia and hypomotility (but not catalepsy), thus sharing common properties with direct cannabinoid agonists, and above all rising crucial question regarding the clinical use of MAGL inhibitors.
Tridimensional Structure of MAGL
Secondary structure prediction softwares have allowed ranking MAGL among the / hydrolase fold family [45, 49] . The / hydrolase fold is organized as a core domain constituted of a -sheet made from eight -strands (one of which is antiparallel to the others) and surrounded by a series of helices. This central domain contains the catalytic triad, whose structural organization is well conserved. The nucleophilic serine is located at the top of the core in a typical sharp turn between 3 helix and 5 strand. This core domain is overhung by a much more variable domain termed cap, made of several helices and loops that mediate structural information to provide the huge amount of / hydrolases family members with their specificity in both function and substrate profile.
In view of the absence of a crystallographic structure, several teams have reported structures of MAGL built by homology modelling [45, 85, 101, 105] . These in silico models have revealed that three cysteines (Cys201, Cys208, Cys242, short isoform numbering), which are conserved between the human, rat and mouse orthologs, are located in the vicinity of the active site, close to the Ser122-His269-Asp239 triad [59] . While their functional role is unknown, it is known from mass spectroscopy experiments that these residues are not involved in disulfide bridge formation [106] . On the other hand, in the first study mentioning the characterization of purified MAGL, Tornqvist and Belfrage reported a more rapid loss of activity when the protein was incubated in absence of a reducing agent. Thus, there is a possibility that one or more of the cysteines play(s) a structural role in the stabilization of MAGL active conformation.
Besides this, Cys201, Cys208 and Cys242 also provided a rational basis for the development of maleimides as MAGL inhibitors [59] , and it is likely that these residues could offer the opportunity to gain some selectivity for MAGL versus other serine hydrolases in the future. Indeed, recent mutagenesis studies have demonstrated that each of these cysteines can account for the inhibitory potency of several inhibitors. NAM inhibits irreversibly the enzyme through a Michael addition on either the Cys201 or Cys242 [80, 85, 107] , whilst octhilinone acts by forming a partially reversible disulfide with Cys208 [85] . In addition, primisterin and euphol have been shown to interact reversibly with Cys208 and Cys201, respectively [86] . Docking studies have been performed using a MAGL tridimensional model to highlight the binding mode of these inhibitors [86] .
Unfortunately, the closest homolog of known tridimensional structure, the chloroperoxidase L. from S.lividans, shares at best 20-25% sequence identity with MAGL. No significant similarity is found within the cap domain, which therefore constitutes a sizeable drawback of the homology modelling approach if one's aim is the design of MAGL inhibitors on a rational basis (Fig. (9) ). Indeed, an in silico screening using a MAGL model has failed to produce valuable inhibitors of MAGL [101] .
Recently, our group elucidated the tridimensional structure of the human MAGL by X ray diffaction, at the resolution of 2.2 Å (pdb entry, 3hju) [107] . The enzyme crystallizes as a dimer, and the structure confirms the enzyme as a member of the / hydrolase superfamily. It also directly evidenced the identity of the catalytic triad which had been proposed previously [45] . Simultaneously, Sanofi-Aventis group reported the crystal structure of the MAGL in complex with the inhibitor SAR629 [108] .
MAGL structure reveals several key features of the enzyme which are essential to explain its biological activity [107] . First, the structure differs substantially from that of the chloroperoxidase L (and several other haloperoxidases, esterases and other proteins from the superfamily) when considering the cap domain, as expected from the poor sequence homology in this region [109] (Fig. (10) and (Table 3 ).
This part of the protein, which constitutes the active site entry, is organized as a wide U-shaped structure, which is to be compared to the narrower V-shaped device that is found in haloperoxidases and esterases. One of the edges of this entry is made of the hydrophobic 4-helix. These structural adaptations likely allow the MAGL to interact with the membranes and recruit the bulky and lipophilic substrate.
Within the active site, beside the catalytic triad, the oxyanion hole stabilizing the tetrahedral intermediate state during the hydrolysis is formed by Ala51 and Met123 backbone NHs.
The elucidation of the tridimensional structure of the apoenzyme and of a complex with an inhibitor also allows Fig. (9) . Alignment of the primary sequence of human MAGL with that of the chloroperoxidase from Streptomyces lividans, the closest homolog of known tridimensional structure. Only upper-case letters are considered to be aligned. The part of the sequence corresponding to the cap region is highlighted in a box. The catalytic triad is indicated in bold. Fig. (10) . Crystal structure of the human MAGL with 2-AG docked in the active site (pdb entry 3HJU) or in complex with SAR629 (pdb entry 3JWE). Left: surface representation. Right: the Ser122/His269/Asp239 catalytic triad and the main residues lining the sites that allow interaction with both ligands are represented as sticks. Two pockets filled with SAR629 fluorophenyl groups or with 2-AG acyl moiety (P1 and P2), as well as the alcohol binding pocket (P3), are highlighted. The hydrophobic 4-helix residues are also represented. the identification of several sites that are important for the interaction with 2-AG and other ligands, and which could now reveal helpful for the design of new compounds (Fig.  (10) ). First, a wide acyl-binding tunnel bordered by numerous hydrophobic residues (i.e. Leu148, Leu176, Ile179, Leu205, Val207, Leu213, Leu214, Val217 and Leu241) delineates various pockets, which are filled by the fluorophenyl groups of SAR629 or by the acyl chain of 2-AG. More deeply buried in the active site, another pocket accommodates the 2-AG glycerol moiety. This alcohol-binding pocket has a more hydrophilic character and is delimited, among others, by the Tyr58 hydroxyl group, the NH from His121 and His272 side chains, the Arg57 guanidinium, the carboxylate from Glu53, and the carbonyl from Ala51.
Another important aspect for the knowledge of the MAGL concerns the role of the cap. In many lipases, it has evolved to function as a lid that alternates between a closed and an open conformation to allow the access to the active site [115] . Events that trigger opening of this lid include the interaction of the protein with lipid droplets, a process which is known as interfacial activation and may involve a cofactor, as in the case of the pancreatic lipase/colipase complex. Structures of lipases in an open confirmation were also favoured by the binding of lipids, the use of detergents as well as by the presence of inhibitors in the active site [114, 116, 117] . The human pancreatic lipase-related protein 2 has also been reported to crystallize in this open conformation without the need of a detergent or inhibitor [118] . Considering the MAGL, on the one hand, there is no biochemical evidence indicating that the interaction with the substrate would require such a structural reorganization of the cap. Besides this, the structure of the enzyme in complex with SAR629 does not present any major conformational difference compared to that of the apoenzyme. On the other hand, crystallographic evidence suggests that the cap is flexible and that alternative conformations might be possible [107, 108] . Hence, further crystallographic studies will be needed to gain additional information about the functioning of this device.
CONCLUSION
Although the validation of 2-AG signaling pathway as a pharmaceutical target for drug development has long suffered the paucity of the available inhibitors, evidence has converged to support the crucial role of this endocannabinoid in retrograde synaptic transmission. The determinant implication of MAGL in this process as well as preliminary pharmacological tests conducted both in vitro and in vivo underline the interest of MAGL inhibition to treat several pathological disorders such as pain and cancer. However, numerous challenges remain.
First, whilst the recent development of JZL184 allowed the cannabinoid community to be in a good position to answer the crucial question of the physiological meaning of MAGL, definite evidence still waits the knowledge of the consequences of MAGL gene invalidation. Second, the understanding of putative regulatory processes for MAGL activity is still in the infancy. In particular, what is the significance of the distinct MAGL forms observed in several tissues?
Is MAGL a drug target? The observation that mice injected with JZL184 elicit several of the effects classically associated with CB 1 cannabinoid receptors direct agonists is of major concern. Beside the fact that it is established that endocannabinoid biosynthesis responds "on demand" to a stimulus or stress and that FAAH inhibition does not result in cannabinoid-like effects, this worrying finding casts some doubt on the idea that targeting MAGL would allow to circumvent the problems associated with the use of direct cannabinoid agonists, by enhancing the endocannaboid activity "where and when needed".
To answer these fundamental questions, new tools are required. Apart from MAGL -/-mice model, the development of JZL184 and a few other compounds has constituted a first step towards the design of more potent and more selective inhibitors.
Along this line, the recent availability of the MAGL tridimensional structure renders conceivable the rational de- sign of inhibitors. De novo design, in silico screening, and optimization of existing compounds (using docking or crystal structure of enzyme-inhibitor complexes) are imaginable using computational and experimental approaches. In particular, it could help the development of selective compounds that would target the MAGL without interacting with FAAH. Since both proteins are structurally distant from each other, making advantage of several features of the MAGLi.e. the cysteines and their environment, the wide hydrophobic channel and the hydrophilic pocket -should help to solve the selectivity issues that have been encountered with most of the known MAGL inhibitors.
Besides this, the structure gives an insight into the cap organization, the substrate recognition process, and potential dynamic events regulating MAGL activity. Now, it also opens new questions, and a lot of work has still to be carried out in this field. Indeed, the determination of the structure of the apoenzyme only constitutes a first step towards a more in depth knowledge of the enzyme. What is the function of the cap? Does is behave as a lid or is it constitutively open? Similarly, what is the role of three cysteines in the active site and cap domain? Do they play a structural role or are they regulatory devices to modulate the enzyme activity? Which structural characteristics account for the interspecies differences observed for the inhibitory potency of OMDM169 and JZL184 or for the MAGL preference for unsaturated substrates, for instance?
Prospects -and challenges-are legion. Hopefully, will the tridimensional structure and newly developed inhibitors constitute useful tools for the future. 
